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Abstract: In this paper , a technique integrating Oscillation 
and I DD q based test methodology for two stage CMOS 
operational transconductance amplifier is presented. The 
approach is attractive for its simplicity, robustness of 
oscillation based test technique that needs no test signal 
generation and combines it with quiescent supply current 
testing which utilized the built in current sensor to monitor 
quiescent current changes without performance degradation 
of the circuit under test. Both short and open faults are 
detected by this test methodology. Simulation results for two 
stage operational transconductance amplifier using a 0.18pm 
n-well CMOS technology show that the proposed combined 
test strategy has 100% fault coverage and capability of built- 
in- self test implementation. It can also be used as generalized 
test structure for other CMOS analog and mixed-signal 
integrated circuits. 

Keywords: Operational transconductance amplifier (OTA), 
Circuit under test (CUT), Monte-Carlo simulation, faults, 
OTM, BICS. 

I. Introduction 

Testing of mixed or analog integrated circuits is 
considered as one of the most important problem in VLSI 
circuits using CMOS technology [1]. Analog circuit have been 
tested for critical specification such as linearity, common-mode 
rejection ratio, signal to noise ratio, slew rate, ac gain , 
common-mode rejection ratio, that result in long testing time, 
poor fault coverage, high cost [2]. Reducing test time by 
optimizing the functional test set while achieving the desired 
fault coverage has also been studied. However, the technique 
needs a reasonable large number of sample circuit for 
collecting the test data. Hence, we need to explore and 
investigate some cost effective test method without any 
additional signal generation circuit [3]. 

In this paper, we present low cost test approach to improve the 
fault diagnosis and testability of typical two-stage CMOS 
operational transconductance amplifier based on oscillation test 
methodology and is also combined with I DDQ testing technique 
to provide a fault confirmation. The proposed test methodology 
is simple and provides good fault coverage with small circuit 
modification. OTM is a vector-less technique as it does not 
require any test signal generation [4] . The process comprises of 
dividing the circuit under test into small functional blocks like 
amplifier, comparator, filter etc and each block is transformed 
to a circuit which oscillates. The oscillation frequency of the 
CUT is compared with nominal frequency of fault free circuit 


and difference between oscillation frequency and nominal 
frequency indicates the presence of fault. Monte Carlo 
analysis is used to determine the tolerance band of the 
oscillation frequency taking into account the nominal 
tolerance of all CUT components. Fault-injection technique 
is used in the testing procedure to enhance the testability of 
CUT. The approach is attractive for its simplicity and 
robustness [5]. 

On the other side, I DDQ test is a cost effective method for 
detecting the faults which are undetected by the conventional 
test method. I DDQ testing is a current-based test method that 
does not require propagation of a fault effect to an observed 
output. It requires only exercising the fault circuit and then 
calculating the current from power supply. The fault is 
observed by the measurement of current which exceed some 
threshold limit [6]. The circuit draws a very low current (pA) 
in the quiescent state but for the certain input state due to 
presence of faults, this current may raise to an abnormal 
level. A simple built-in current sensor (BICS), which 
introduces insignificant performance degradation of CUT is 
presented to detect short (Bridging) and open faults. Two- 
stage CMOS operational transconductance amplifier is used 
as circuit under test which operates at +1.5V. OTA is voltage 
controlled current source which produces an output current 
with differential input voltage. It is voltage controlled current 
source. OTA constitute as a major building block in the 
analog circuits such as ADC, DAC, four-quadrant 
multipliers, mixers, modulators and continuous -time filters 
etc [7]. Schematic diagram of two-stage CMOS OTA used 
for simulation is shown in figl. 


VDD = 1.5V 




Fig.l: Low voltage Two-stage CMOS OTA (CUT) 
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The format of this paper is as follows; oscillation test 
strategy and CUT into oscillator conversion are discussed in 
section II and section III respectively. Section IV introduces 
IDDQ test methodology whereas section V describes the 
design consideration for BICS. Section VI and section VII 
describe the analog fault modelling and Monte-Carlo 
simulation respectively. Test simulation results are given in 
Section VIII and Section IX contains conclusions. 

II. Oscillation Test Strategy Description 

The oscillation based testing is the robust, simple and 
vector-less test technique without need of test signal 
generation. The OTM is based on first partitioning the mixed 
and analog signal integrated circuit into functional building 
blocks such as amplifier, comparator, filter, and data converter. 
Each block is transformed into an oscillating circuit by the 
addition of external circuitry in their feedback path [ 8 ]. The 
test is performed by evaluating the oscillation frequency (fosc) 
of CUT. Oscillation frequency of CUT is compared with the 
nominal oscillation frequency of the fault free circuit. If the 
oscillation frequency of CUT is equal to the nominal frequency 
range, the CUT is accepted to be fault-free. When a reasonable 
deviation of the oscillation frequency of CUT from its 
tolerance band occurs, the fault is detectable. Monte-Carlo 
simulation is used to determine the nominal frequency range of 
CUT while taking into account the tolerance of significant 
technology and design parameters [9, 10]. 

The oscillator design must be chosen so as to ensure the 
maximum possible CUT elements contribution in describing 
the oscillation frequency. 


Or equivalently: 

Re (fcuTU^)fn O'®)) = 1 (3) 

Ini( f CUT (ja)f H ( jco ) ) — 1 ^ 

This condition is Barkhausen criterion which defines that 
the signal must transverse the loop with no attenuation and no 
phase shift at the oscillation frequency [ 12 ]. 

In the present work, Wien bridge network is used to 
convert CUT is converted into oscillator as shown in fig 2. 
The component values that are used here are Ri = R 3 = 
10KQ, R 2 = 3 KQ, R 4 = 1KQ, C 3 = Q = 16nF for simulation 
to achieve self-sustained oscillation [13]. 


Cl R 2 



III. Conversion of CUT into Oscillator 


Fig. 2: Block diagram of CUT as an oscillator 


The OTA (CUT) is transformed to oscillator circuit by 
adding circuit in the feedback loop whose oscillation frequency 
can be defined as function of the CUT components or its 
important parameters. The oscillations condition (Barkhausen 
criterion) of CUT as an oscillator is maintained in its transfer 
function with no attenuation and no phase shift by adjusting the 
feedback loop elements [11]. The transfer function of the 
oscillator is given by equation ( 1 ): 

f CUT 


f = 

J osc 


CUT fa 


( 1 ) 


Where J CUT and ' H represents the transfer function of the 
CUT and feedback element respectively. The oscillation 


frequency Josc and oscillation condition are obtained from 
equations (2), (3) and (4). 


f CUT 0^0 — 1 


( 2 ) 


Natural oscillation frequency is determined by the Fast 
Fourier Transform (FFT) analysis of oscillatory circuit. 

IV. Iddq Testing 

Iddq testing based on calculating the steady state power 
supply current. It comprises of observing the quiescent 
current on supply voltage allowing a precise coverage of 
physical defects in the CUT [14]. Under the fault conditions, 
the normal values of quiescent current may be increased, 
decreased or generally distorted. Thus, fault detection can be 
accomplished by monitoring the quiescent current 
fluctuations using a current sensing circuit. Any current 
above the quiescent current would indicate the presence of 
physical defects in the circuit [15]. A built-in current sensor 
(BICS) has been used to monitor the changes in the quiescent 
current in the power supply rails that introduces insignificant 
performance degradation of CUT as shown in fig 3. 
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Fig. 3: Block Diagram of I DDQ testing 

V. Design Consideration of BICS 

In I DDQ testing, the BICS embedded in series with VDD or 
GND lines of the CUT checks whether the quiescent current is 
below or above a threshold level [28]. The existence of fault 
without performance degradation of CUT is indicated by 
proposed BICS. For effective use of internal testing, the BICS 
must minimize the effect of capacitance and voltage drop and 
achieve minimum disturbances in the CUT. 

In the present work, a simple design of a built-in current 
sensor is presented to detect bridging faults and open faults in 
CMOS OTA as shown in figure 4. An essential component of 
the proposed BICS is the current mirror circuit which has 
property that, the reference current in one branch of the circuit 
is accurately reproduced in the other branch, in a constant 
current stage. BIOS’s ability to detect abnormal current due to 
physical defects depends on performance of current mirror. 
When the BICS is in test mode, the constant reference current 
is set to approximately the same value as the quiescent state 
current. The advantage of proposed BICS is that it does not 
require any external voltage or current source [16, 17]. 

The CUT works in two modes: the normal mode and the 
test mode. The BICS is totally isolated from the CUT in the 
normal mode so that the operation of CUT is not affected by 
the BICS whereas in the test mode, the CUT is connected to 
the BICS and it first compares a quiescent state current 
consumed by the CUT with a reference current. The output 
signal PASS/FAIF is set to 1, when the quiescent state current 
is greater than the reference current, which indicates the 
existence of fault in the circuit. The output signal PASS/FAIF 
is set to 0, when the quiescent state current is less than the 
reference current, which indicates the nonexistence of fault 
[18, 19] .The built-in current sensor of the present work requires 
less area and is more efficient than the conventional current 
sensors. It is observed that with the use of a novel fault 
injection technique, combined with a BICS design, has 
significantly improved the testing of analog and mixed signal 
integrated circuits. 


VDD 



Fig. 4: CUT with CMOS Build-in-current (BICS) sensor 

VI. Analog Fault Modelling 

Catastrophic (hard) and parametric (soft) faults are the 
types of faults which occur in analog or mixed-signal 
integrated circuit. Catastrophic faults (hard faults) are the 
faults which are due to random defects causing failure in 
various elements of the circuit. These catastrophic faults 
include short, open or large variation in design parameter 
causes complete failure of the circuit. Parametric (soft) faults 
are faults due to statistical fluctuation in the manufacturing 
process, resulting small deviation of CUT parameters from its 
tolerance band [20, 21]. The faults considered in this study 
comprise catastrophic faults which include seven open and 
fifteen bridging faults. An open fault and short fault are 
simulated by introducing high resistance of 1 00 MQ in series 
and low resistance of 1 0Q in parallel respectively. 

VII. Simulation Results and Tables 

The fault coverage is achieved by the combined test 
approach based on the simulated results obtained from 
PSPICE (Cadence PSPICE A/D Simulator) simulations. 
SPICE level 7 MOS model parameters are used in simulation 
using 0. 1 8pm n-well CMOS technology. 

The testable CMOS OTA in fig.l is simulated for 
verification of the proposed OBT and I DDQ testing. The 
transient analysis for a sinusoidal input of 5 mV peak-to-peak 
at 50 KHz applied to the non inverting terminal of CUT is 
shown in figure 5. At the output of the CUT, non-inverted 
waveform of 1.6V peak-to-peak is obtained, giving voltage 
gain of 100 at 50 KHz. 
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Fig. 5 : Simulated input and output of CUT 


A. OBT Simulation Results 

CUT is converted into to an oscillator using quite simple 
feedback circuit as shown in figure 2 which has nominal 
oscillation frequency of 755KHZ. Figure. 6 shows time domain 
oscillation response of CUT, time domain oscillation response 
of the CUT as an oscillator and the frequency response of the 
circuit under test. The fault-free oscillation frequency observed 
to be 752KHZ which was slightly shifted from the cut-off 
frequency of the circuit [18], [19]. Monte Carlo simulation is 
performed to determine the undetectable tolerance band for the 
frequency. The tolerance of 15% and 10% has been considered 
for capacitances Cl, Cc and resistances Rl, R2 respectively for 
the oscillator circuit. The Fast Fourier Transform (FFT) of the 
output signal shows that the oscillation signal has lower and 
upper frequency deviation bounds of -4.25% and +5.05% 
respectively. 



□ -V(9) (b) 

Time 



Fig. 6: (a) Output frequency of CUT (b) Oscillation 
frequency of CUT as an oscillation (c) Cut-off frequency of 
CUT 

The faults which produced oscillation frequency 
deviation outside this tolerance band were considered 
detectable. It is observed that the seventeen faults out of 
twenty three fault deviate from nominal oscillation frequency 
range whereas four faults resulted in loss of oscillation, thus 
twenty one faults have been detected with fault coverage of 
91%. The results also show that two faults could not be 
detected, since the deviation observed in oscillation 
frequency with respect to nominal frequency was within the 
tolerance limit. Tables 1 present the effects of the injected 
faults on the oscillation frequencies and percentage 
deviations from the fault-free frequency. 


Table 1. Injected Faults in the CUT 


Component 

AC/ 

C 

AfJ 

W 

AC/ 

C 

AW 

fosc 

AC/ 

C 

AW 

fosc 

Ml 

GDS 

20% 

DSS 

-9.93% 

OPEN 

NO 

M2 

GDS 

-10% 

DSS 

-9.3% 

OPEN 

-6.91% 

M3 

GDS 

3% 

DSS 

-25% 

OPEN 

35.77% 

M4 

GDS 

NO 

DSS 

2% 

OPEN 

180% 

M5 

GDS 

32.18% 

DSS 

6.38% 

OPEN 

23% 

M 6 

GDS 

-30.55% 

DSS 

-10.3% 

DPEN 

NO 

Ml 

GDS 

6.38% 

DSS 

NO 

OPEN 

1 10% 

C c 

SSF 

12.5% 

- 


OPEN 

-10.39% 


A C / C: Percentage of the faults injected into component 
A fosc / fosc: Variation of the oscillation frequency from its 
nominal value, NO: No oscillation, GDS: Gate - Drain 
Short, DSS: Drain - Source Short, SSF: Struck Short Fault. 

Table 2 summarizes the fault coverage obtained by 
oscillation testing in terms of short and open faults injected. It 
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can be seen from the table 2 that the overall fault coverage Total twenty three faults introduced which includes fifteen 
obtained for all faults injected is 91%. short faults and eight open faults as shown in Table 3. 


Table 2. Fault Coverage of Oscillation Based Testing 


Fault 

Type 

Total 

Faults 

Injected 

Fault 

Detected 

(with 

Oscillation) 

Fault 

Detected 

(without 

Oscillation) 

Fault 

Undetected 

(with 

Oscillation) 

Fault 

Coverage 

Short 

15 

11 

2 

2 

73.3% 

Open 

8 

6 

2 

0 

100% 

Total 

23 

17 

4 

2 

91.3% 


B. I DDQ Simulation Results 

The proposed BICS is simulated using 0.1 8um technology 
using PSPICE. The simulated result of two stage OTA without 
BICS is shown in figure 5 whereas figure 7 shows the 
simulated output response of CUT with BISC when fault are 
not activated i.e. when CUT is in normal mode. It is observed 
that degradation in the voltage level due to presence of the 
BICS is order of 20mV which can be considered negligible 
compared to the supply voltage. Therefore there is no 
performance degradation of the circuit under test due to the 
presence of proposed BICS. IREF is set to 400pA. 




Time 


Fig. 7 : Simulated input and output response of CUT with BICS 
enable without fault 


Table 3. Simulated I DDQ (Ire F = 400pA) 


Component 

Fault 

Type 

Simulated 

Iddq 

Fault 

Type 

Simulated 

Iddq 

Fault 

Type 

Simulated 

Iddq 

Ml 

GDS 

500 pA 

DSS 

750 pA 

OPEN 

990 pA 

M2 

GDS 

1000 pA 

DSS 

450 pA 

OPEN 

650 pA 

M3 

GDS 

980 pA 

DSS 

870 pA 

OPEN 

1 100 pA 

M4 

GDS 

990 pA 

DSS 

1000 pA 

OPEN 

800 pA 

M5 

GDS 

570 pA 

DSS 

910 pA 

OPEN 

150|tA 

M 6 

GDS 

600 pA 

DSS 

890 pA 

OPEN 

1800 pA 

M7 

GDS 

690 pA 

DSS 

550 pA 

OPEN 

200 pA 

C c 

SSF 

1000 pA 

- 

- 

OPEN 

730 pA 


GDS: Gate - Drain Short, DSS: Drain - Source Short, 
SSF: Struck Short Fault 


It is observed all the short faults and six out of eight open 
faults have been detected by I DDQ technique. The overall fault 
coverage by using this technique is 91.3% as summarized in 
Table 4. 

Table 4. Simulated Fault Coverage by I DDQ Testing 


Fault Type 

Total 

Faults 

Fault 

Detected 

Fault 

Undetected 

Fault 

Coverage 

Short 

15 

15 

0 

100% 

Open 

8 

6 

2 

75% 

Total 

23 

21 

2 

91.3% 


The faults which are detected by OBT with loss of 
oscillation and undetected by OBT are detected by I DDQ 
method which results in fault confirmation. The simulation 
results showed that all the twenty three faults are detected by 
combined oscillation and I DDQ testing technique which 
provides 100% fault coverage. 

VIII. Conclusion 

In this paper, combined oscillation based I DDQ testing 
technique has been explored on operational transconductance 
amplifier using 0.1 8um n-well CMOS technology using 
PSPICE. The proposed testing is an effective technique for 
improving the quality and reliability of analog and mixed 
integrated circuits. It provides 100% fault coverage with low 
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area overhead and small test time. Thus, combined oscillation 
and I DDQ testing methodology is a valuable tool to achieve high 
fault coverage and also improve reliability and quality of 
analog and mixed- signal CMOS integrated circuits without 
incurring significant test development cost. 
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